In this study, nanoscale copper(I) sulfide (n-Cu 2 S) was deposited over networks of single-walled carbon nanotubes (SWCNTs) by atomic layer deposition (ALD). This synthetic route provides a high degree of control for tuning the materials properties. The resulting core-shell SWCNT-n-Cu 2 S composite structure ensures an intimate contact between the two components while maintaining a high porosity for efficient transport of charges. Indeed, electrochemical testing demonstrates that these nanocomposites are promising as cathodes in lithium-ion batteries (LIBs), exhibiting excellent stability over 200 discharge-charge cycles with a sustainable, high capacity of 260 mAh g -1 (92% of the theoretical value in terms of Cu 2 S) and >99% Coulombic efficiency. This work establishes a general strategy for developing high-performance nanoscale electrode materials.
Introduction
Among the many competing technologies for energy storage, lithium-ion batteries (LIBs) have emerged to dominate the consumer portable electronics market [1, 2] . Current LIBs utilize an intercalation-based graphite anode coupled with a lithium-transition oxide or phosphate cathode.
However, due to limitations in energy density, cost, and safety, LIBs are inadequate for powering electrical vehicles and smart grids [3, 4] . These limitations have motivated the search for alternative electrodes, and conversion-based metal oxides were found to offer higher capacities than the traditional insertion-based metal oxide electrodes [5] . Following these discoveries [6] , metal sulfides and fluorides were also found to have exceptional electrochemical properties as conversion materials for LIB electrodes [5] .
In the metal sulfide family, CuS is regarded as a promising cathode, boasting a theoretical capacity of 560 mAh g -1 . As a consequence, CuS has been fabricated into various nanostructures [7] [8] [9] [10] [11] [12] and evaluated as a LIB cathode. Unfortunately, severe capacity fading was observed due to the partial dissolution of lithium sulfide formed through electrochemical cycling [13] . Different mechanisms have been proposed for the electrochemical reactions in these earlier CuS studies [7, 13, 14] .
Combining transmission electron microscopy (TEM) and in situ X-ray diffraction (XRD), the team led by Tarascon provided solid evidence that these reactions proceed in two steps [13] :
CuS + e -+ Li + ↔ 0.5Cu 2 S + 0.5Li 2 S
0.5Cu 2 S + e -+ Li + ↔ 0.5Li 2 S + Cu (2) In agreement with Equation (1) and (2), two discharge plateaus are commonly observed, occurring at 2.0-2.2 and 1.5-1.8 V (vs. Li/Li + ), respectively [7, 8, [10] [11] [12] [13] [14] [15] . In this two-step mechanism, the intermediate Cu 2 S product can itself serve as a cathode material, and it has a theoretical capacity of 3 337 mAh g -1 [15] . Compared to the many studies of CuS [7] [8] [9] [10] [11] [13] [14] [15] , reports of Cu 2 S are relatively rare. Only recently, microsized Cu 2 S (µ-Cu 2 S) was investigated by Jache et al [15] and Ni et al [16] . Jache et al mainly studied the effects of electrolytes and current collectors on the electrochemical characteristics of both Cu 2 S and CuS, while Ni et al developed Cu 2 S as a cathode for thin film batteries. However, there have been no reports on nanoscale Cu 2 S for LIBs.
While there are numerous methods for synthesizing nanoscale materials, atomic layer deposition (ALD) has some unique advantages, particularly for fabricating nanoscale composites. ALD is a thin-film technique used mainly in microelectronics manufacturing [17] , but in the past decade its capabilities have expanded into new domains including sustainable energy [18, 19] , catalysis [20] , and biomedical technologies [21, 22] . By its very nature, ALD enables film growth in a layer-by-layer mode at the atomic-scale. ALD utilizes alternating exposures between precursor vapors and a solid surface, where the precursors react individually and in a self-limiting, surface-controlled fashion. Furthermore, ALD enables conformal deposition within high-aspect-ratio and porous nanostructures [23] . As a consequence, ALD has become a novel and powerful tool for nanofabrication [20, 24, 25] . Beyond its wide successes in oxides, ALD now is making great strides for other categories of functional materials such as sulfides, fluorides, and nitrides. To date, there have been 16 metal sulfide materials deposited using ALD [26] [27] [28] . In particular, we recently developed a Cu 2 S ALD process for applications in photovoltaics, and demonstrated this technique for preparing thin films on planar, two-dimensional substrates [29] [30] [31] [32] .
In this study, we utilized Cu 2 S ALD to prepare unique composites by depositing nanosized Cu 2 S (n-Cu 2 S) over networks of single wall carbon nanotubes (SWCNTs) to produce core-shell 4 SWCNT-n-Cu 2 S networked composites. These materials are highly tunable by controlling the Cu 2 S deposition parameters, and provide intimate contact between the two distinct nanomaterials to ensure a high concentration of three-phase (electron, ion, and electrode) regions. Electrochemical testing revealed excellent performance for these nanoscale composites as LIB cathodes, which we attribute to their nanoscale dimensions, porous structure, and intimate SWCNT-Cu 2 S contact.
Experimental

ALD Cu 2 S
The ALD Cu 2 S was deposited on networked 1D SWCNTs (Sigma-Aldrich, USA) at 135 o C using a Savannah 200 ALD reactor (Cambridge Nanotech), using alternating exposures to Bis(N,N'-disec-butylacetamidinato)dicopper(I) (CuAMD, Dow Chemical Company, USA) and 1% H 2 S (balanced by N 2 , Matheson Tri-gas, USA). The ALD reactor was coupled to a N 2 -filled glove box. Prior to the Cu 2 S ALD, SWCNT powders were loaded into a porous container and placed in the reactor. The reactor was then purged using ultrahigh purity (UHP, 99.999%) nitrogen carrier gas at 10 sccm and a pressure of ~0.4 Torr. Next, the SWCNTs were functionalized using a 9-min O 3 treatment (5% in 500 sccm ultrahigh purity oxygen). The Cu 2 S ALD was performed using a static cylinder. The SWCNT samples were coated using 50 -600 ALD cycles to adjust the thickness of the Cu 2 S films.
Characterization
The SWCNT-n-Cu 2 S composites were characterized using a field emission scanning electron microscope (FE-SEM, Hitachi S4700) equipped with energy dispersive X-ray spectroscopy (EDX) for elemental analysis. Transmission electron microscopy (TEM, JEOL 2100F) was utilized to evaluate the Cu 2 S coating thickness and microstructure. X-ray diffraction (XRD, Bruker D-8) was used to characterize the crystallinity of the SWCNT-n-Cu 2 S composites as well as a commercial 
Electrochemical measurements
For the electrochemical measurements, the SWCNT-n-Cu 2 S composite powder was mixed with Super P carbon black and polyvinylidene fluoride (PVDF, Sigma-Aldrich) using a ratio of 8:1:1 and suspended in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) to ensure homogenous mixing. The resultant slurry was cast onto a Cu foil and expanded into a laminate using a 100 µm doctor blade.
The laminate was then dried in a furnace at 80 ºC within an Ar-filled glove box for 24 hours. Next, the dried laminate was punched into 7/16 inch circular electrodes and subsequently assembled into CR2032 LIB coin cells in an Ar-filled glove box with H 2 O and O 2 levels below 1 ppm. Li metal 6 was used as the counter/reference electrode, a Celgard 2325 membrane was used as the separator, and 1.2 M LiPF 6 in ethylene carbonate/ethyl methyl carbonate (EC:EMC = 3:7 by weight, Tomiyama) was used as the electrolyte. The discharge-charge testing was performed on an Arbin 2043 electrochemical tester using a voltage window of 0.01 -3.00 V for the SWCNT-n-Cu 2 S
electrodes. In addition, control samples were assembled and tested following the same procedures described above using laminates prepared from the pristine SWCNTs, µ-Cu 2 S powder, and a mixture of the two in a ratio of 1:1 (i.e., SWCNT-µ-Cu 2 S). All of the electrochemical testing was performed at room temperature.
Results and discussion
The pristine SWCNTs characteristics have been detailed in our previous study [33] , but some of their salient features are described herein. The SEM image in figure 1(a) shows that the CNTs are mainly less than 10 nm in diameter and that they form a 3D structured network with numerous
contact points yet maintaining an open porosity. High-resolution TEM (HR-TEM) in figure 1(b) further reveals that the CNTs are predominantly bundled, consistent with previous observation [34] .
The single-walled nature of the pristine SWCNTs was confirmed by Raman analysis, as illustrated by the black traces in figure 1(c) and 1(d). The radial breathing mode (RBM) [35] [36] [37] clearly shows the crystalline Cu 2 S lattice with an inter-plane distance of 3.6 Å corresponding to the characteristic planes of (260).
To prepare a sufficient quantity of the SWCNT-n-Cu 2 S composite for electrochemical testing, we deposited Cu 2 S on a large, 100-mg batch of SWCNTs using 200 ALD Cu 2 S cycles. In order to quantify the electrochemical results we must know the Cu 2 S loading of the composite materials, and this was determined using TGA. As controls, both the pristine and O 3 -treated SWCNTs were analyzed as well. As illustrated in figure 6 , the SWCNTs were thermally stable up to 400 o C, and the TGA weight loss profiles (the red and blue traces) each exhibited a single-step degradation.
During the pronounced mass loss, the SWCNTs exhibited a much smaller loss due to the oxidation of amorphous carbon [34, 43, 44] . The pristine SWCNTs oxidation was greatest at ~530 In figure 7(a-d) , we compared the first three discharge-charge profiles for the pristine SWCNTs (a), to Li extraction from the inner cores of the SWCNTs while the peaks at > 2.4 V were due to the extraction of Li bonded to the surface functional groups [47] . In comparison to the dQ/dV profile for the 1 st cycle, the 2 nd cycle was absent the SEI peak at 0.8 V but otherwise similar.
Figure 7(b) shows the discharge-charge profiles of the commercial µ-Cu 2 S in the first three cycles.
The 1 st discharge (red) was dominated by a declining plateau at ~1.7 V while the 1 st charge quickly increased to ~1.9 V and plateaued, and afterwards showed staircase increases with several plateaus at 2.3, 2.4, and 2.6 V. It is noteworthy that the charging characteristics during the 1 st cycle resemble very much the charging behavior of CuS as described by Tarascon et al [13] . The 1 st cycle exhibited capacities of 392 and 329 mAh g -1 for discharge and charge, respectively. The 1 st discharge capacity exceeded the theoretical value of 337 mAh g -1 by 55 mAh g -1 indicating SEI formation. Upon this point, the 1 st dQ/dV profile in the inset of figure 7(b) disclosed that, beside a strong reduction peak at 1.7 V due to Cu 2 S reduction, there is a weak peak at 0.6 V ascribed to the SEI formation [11, 16] .
The sloping profile below 0.5 V has been attributed to the formation of elemental Cu [16] .
Corresponding to the 1 st charge, the 1st dQ/dV profile showed a series of oxidation peaks at 1.9, 2.0, 2.3, 2.4, and 2.6 V. The irreversible capacity accounted for 63 mAh g -1 in the 1 st cycle, yielding CE ~84%. The 2 nd discharge (blue) exhibited a sloping plateau at ~2.0 V, flat plateaus at ~1.9 and 1.5 V, and a sloping plateau below 0.5 V. Evidently, the 2 nd discharge behaved very different from the 1 st discharge, and exhibited characteristics of CuS [13] . Similar to the 1 st charge, the 2 nd charge showed a fast voltage increase to 1.9 V and exhibited plateaus at 1.9, 2.2, and 2.37 V. The 2nd discharge and charge achieved capacities of 320 and 260 mAh g -1 , respectively so that CE ~81%. The 3 rd cycle (magenta) demonstrated very similar discharge and charge behaviors to the 2 nd cycle, but showed a further evolution in the voltage plateaus. In addition, the capacities for discharge and charge continued to drop to 306 and 210 mAh g -1 , respectively. As a consequence, the CE further diminished to 69% in the 3 rd cycle. The dQ/dV profiles for the 2 nd cycle, as shown in the inset of figure 7 (b), clearly demonstrated the evolution of discharge and charge behaviors, showing three reduction peaks at ~2.0, 1.9, and 1.5 V and three oxidation peaks at 1.9, 2.2, and 2.37 V. Based on these results, we conclude that following the 1 st discharge, the commercial µ-Cu 2 S, exhibited the reduction-oxidation behavior for CuS as described in Equations (1) and (2). Moreover, the 1st discharge followed the reaction in Equation (2) respectively. These values are close to the expected capacities for the 50-50 mixture of 958 and 359 mAh g -1 for discharge and charge, respectively, if one assumes that the SWCNTs and the µ-Cu 2 S components contribute equally in the composite. This was further substantiated in the later cycles.
We observed voltage plateaus at 2.0 and 1.5 V and a slope below 0.25 V which we attribute to the SWCNTs in the 2 nd discharge (blue). The 2 nd charge demonstrated some evolution in voltage plateaus, as also seen for the µ-Cu 2 S in the 2 nd discharge in figure 7(b) . The dQ/dV curves in the inset of figure 7(c) show clearly the reduction and oxidation peaks of Cu 2 S in the first two cycles.
The 3 rd cycle (magenta) is quite similar to the 2 nd , except for some evolution in the plateaus. The 2 nd cycle showed a capacity of 375 mAh g -1 for discharge and 301 mAh g -1 for charge while the 3 rd cycle showed 339 mA g -1 for discharge and 296 mAh g -1 for charge. As a consequence, the CE progressively improved from 35% in the 1st cycle to 80% in the 2nd and 87% in the 3rd cycle. In comparison to the pure µ-Cu 2 S in figure 7(b) , the SWCNT-µ-Cu 2 S exhibited a much higher CE, and this likely results from the boost in electrical conductivity imparted by the SWCNTs.
Similar to the SWCNT-µ-Cu 2 S, the SWCNT-n-Cu 2 S also displayed the electrochemical characteristics of both the SWCNTs and n-Cu 2 S ( figure 7(d) ). It is noteworthy that the 1 st discharge (red) showed two discharge plateaus at ~1.7 V from the lithiation of n-Cu 2 S, and ~0.8 V due to the decomposition of the electrolyte. In addition, there was a slope below 0.25 V in the 1 st discharge, ascribed to lithiation of the SWCNTs and the formation of elemental Cu. Besides a continuous increase due to the SWCNTs, the 1 st charge showed plateaus at 1.9 and 2.35 V due to the delithiation of Li 2 S. As a consequence, the 1 st cycle realized a capacity of 709 mAh g -1 for discharge and 239 mAh g -1 for charge. By simply adding the capacities from 44% Cu 2 S and 56%
SWCNTs, we predict values of 1026 and 363 mAh g -1 for the 1st discharge and charge, respectively.
These large deviations from the expected capacity values indicate that SWCNTs and Cu 2 S do not act individually in the ALD SWCNT-n-Cu 2 S as we saw for the SWCNT-µ-Cu 2 S composite. This unexpected behavior may result from the conformal ALD n-Cu 2 S coating over the SWCNT scaffold that greatly reduces the exposed surface of the SWCNTs for lithiation. In other words, the capacity contribution from SEI formation on the SWCNTs has decreased. In contrast, the mechanically produced SWCNT-µ-Cu 2 S composite did not have intimate contact between the SWCNTs and the Cu 2 S so that the very high SWCNTs surface area was preserved. Further evidence for this interpretation is that the charge due to SEI formation on the SWCNT-n-Cu 2 S (451 mAh g -1 ) was significantly below the pure SWCNTs (815 mAh g -1 ), and the SWCNT-µ-Cu 2 S (744 mAh g -1 ). The 2 nd (blue) and 3 rd (magenta) cycles for the SWCNT-n-Cu 2 S also exhibited a combination of the electrochemical characteristics of both the SWCNTs and n-Cu 2 S, similar to the SWCNT-µ-Cu 2 S.
The 2 nd cycle showed capacities of 275 and 221 mAh g -1 for discharge and charge, respectively. In comparison, the 3 rd cycle achieved 249 and 220 mAhg -1 for discharge and charge, respectively.
Thus, the CE for the first three cycles was improved from 34% in the 1 st cycle to 80% in the 2 nd cycle and 88% in 3 rd cycle.
Following the initial electrochemical studies of the four samples, we next investigated their long-term cyclability (figure 8). The SWCNTs (black) exhibited fast capacity fading over the first 25 cycles followed by relatively stable cycling with a capacity of ~220 mAh g -1 for the remainder of the 200 cycles, although some fluctuations were observed. In contrast, the µ-Cu 2 S (red) showed very rapid capacity fading in the first ten cycles, followed by a gradually increasing capacity to reach 126 mAh g -1 at the 200 th cycle. Previous studies have documented similar capacity increases for CuS [12] and Cu 2 S [16] . Moreover, the initial capacity drop in the first ten cycles has been widely observed and was attributed to the partial dissolution of Li 2 S into the electrolyte and disintegration of the µ-Cu 2 S leading to a loss of electrical contact to the carbon filler. The subsequent slow recovery might result from a rearrangement of the Cu 2 S that proceeds once material is sufficiently pulverized that restores electrical contact [55] . In our study, the excess metallic Cu remaining after the 1 st discharge could also improve the electrical conductivity.
Furthermore, recent studies [15] using Cu current collectors revealed the beneficial trapping of sulfide species on the Cu. The metallic Cu in our materials might also serve this function.
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The SWCNT-µ-Cu 2 S (blue) showed a fast capacity fade in the first ten cycles followed by further slow degradation up to the 200 th cycle at which point the capacity was 200 mAh g -1 . The lack of capacity recovery compared to the µ-Cu 2 S suggests that perhaps the material is too dense to allow a rearrangement in the electrode composition. In contrast, the SWCNT-n-Cu 2 S (green) did show capacity recovery up to the 150 th cycle, followed by a plateau at 260 mAh g -1 that persisted to the 200 th cycle. The capacity recovery of the SWCNT-n-Cu 2 S might stem from increasing access to the SWCNT surfaces allowing more extensive SWCNT lithiation, but a rearrangement of the electrode composition, as hypothesized for the µ-Cu 2 S, might also contribute. We note that figure 8 also plots the CE of the four samples and in all cases CE ~99% after the first few cycles.
To evaluate the fraction of Cu 2 S that actively contributes to the storage capacity in the different cathodes, we subtracted the SWCNT contribution at the 200 th cycle from the discharge capacities for the µ-Cu 2 S, SWCNT-µ-Cu 2 S, and SWCNT-n-Cu 2 S. The resulting Cu 2 S-only discharge capacities were: 127 (µ-Cu 2 S), 182 (SWCNT-µ-Cu 2 S), and 311 mAh g -1 (SWCNT-n-Cu 2 S).
Compared to the theoretical capacity of 337 mAh g -1 for Cu 2 S, it is apparent that the addition of SWCNTs greatly improves the Cu 2 S capacity from 38% (µ-Cu 2 S) to 54% (SWCNT-µ-Cu 2 S) of the theoretical value. Moreover, reducing the Cu 2 S to nanoscale dimensions further improves the capacity to 92% (SWCNT-n-Cu 2 S) of the theoretical value.
In summary, the ALD SWCNT-n-Cu 2 S networked composite proved to be the best material for harvesting the full storage capacity of the Cu 2 S. We attribute the high performance of the SWCNT-n-Cu 2 S to: (1) the nanoscale ALD Cu 2 S coatings offer short electronic and ionic conducting pathways; (2) the conducting SWCNT scaffold provides electrical continuity to the matrix; and (3) the open and "sponge-like" network allows wetting by the electrolyte while also trapping sulfides providing a robust support. Using fluidized-bed or rotary ALD [18] , furthermore, the production of the SWCNT-n-Cu 2 S is potentially able to scale up. However, it also needs to point out that, in spite of the benefits associating with the SWCNT-n-Cu 2 S composites, there may exist difficulties in practice for applying them into real batteries, such as their low volumetric density and high percentage of SWCNTs. Additionally, the wide voltage range of 0.01-3.00 V was rarely used in reality and a more suitable one should be explored.
Conclusions
We have demonstrated a new route for fabricating nanostructured cathode materials for LIBs using ALD. The resulting nanoscale composites exploit the excellent electrical conductivity and open pore structure of the SWCNTs networks, while the precise and conformal ALD Cu 2 S coatings maximize the crucial interface to the SWCNTs while maintaining the porosity for contact to the electrolyte. As a result, these nanocomposites provide an optimal structure to harvest the intrinsic properties of the active material. The core-shell SWCNT-n-Cu 2 S composites achieved 92% of the theoretical capacity for Cu 2 S, and did not show capacity fade over 200 cycles. Using the same methodology, we plan to fabricate nanoscale composites using a wide variety of materials amenable to ALD processing with the ultimate goal of improving LIB performance to levels suitable for electric vehicles and grid-scale energy storage. 
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